The primary objectives of this phase I/II study were to evaluate the safety and immunogenicity of combination therapy consisting of concurrent trastuzumab and human epidermal growth factor receptor 2 (HER2)/neu-specific vaccination in patients with HER2/neu-overexpressing metastatic breast cancer.
INTRODUCTION
A potential application of cancer vaccines is in the prevention of tumor recurrence or progression in patients with minimal residual disease. Vaccines will need to be coadministered with primary therapy or given after optimal treatment. Human epidermal growth factor receptor 2 (HER2)/neu is a tumor antigen and vaccine target in breast cancer. With the prolonged use of trastuzumab in the treatment of most HER2/neu-positive breast cancers, evaluation of the potential additive toxicity of the combination of trastuzumab and HER2/neu vaccination is warranted.
The vaccine used in this trial was designed to elicit HER2/neu-specific T-helper (Th) immunity. 1 
Vaccine-induced CD4
ϩ Th1 cells may traffic to the tumor, secrete inflammatory cytokines such as interferon gamma (IFN-␥), and activate local antigenpresenting cells (APC) enhancing cross-priming at the tumor site. 2 Via cross-priming, tumor-specific CD8 ϩ T cells can be elicited. 3 Finally, antigenspecific CD4 ϩ T cells can enhance and sustain tumor-specific T-cell immunity over time.
Data presented here suggest that combination trastuzumab and HER2/neu vaccine therapy is safe and generates robust and persistent tumor-specific T-cell immunity.
PATIENTS AND METHODS

Patient Population
After informed consent, patients were enrolled in this trial approved by the United States Food and Drug
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Administration and the University of Washington Human Subjects Division. Enrollment criteria were as follows: stage IV breast cancer in complete remission (CR) or stable disease (SD) on trastuzumab; documented HER2/neu overexpression via immunohistochemistry or fluorescent in situ hybridization; HLA-A2 ϩ ; and a left ventricular ejection fraction (LVEF) in the normal range (Table 1) . Twenty-two patients were enrolled, and 21 patients received vaccinations. Fourteen of 21 patients completed all six immunizations; five of 21 patients completed at least three immunizations, a sufficient number to immunize; and two of 21 patients received fewer than three immunizations. 4 Clinical data are presented on 21 patients. Immunologic data for at least one immunizing peptide and protein are presented on patients who had baseline and at least one additional evaluation of immunity assessed (n ϭ 19).
Study Design
Serum and peripheral-blood mononuclear cells (PBMCs) were collected before, at midpoint, and at 1, 3, 6, and 12 months after immunization. The sample size was chosen based on the following: if no toxicities were seen, the probability of such an occurrence would be at least 90% if the true toxicity rate was 10% or less.
T-Cell Responses
IFN-␥ enzyme-linked immunosorbent spot assay was performed as previously described. 5 Ten g/mL of immunizing peptides were used: p369 through 384 (KIFGSLAFLPESFDGDPA) derived from the extracellular domain (ECD), p688 through 703 (RRLLQETELVEPLTPS) from the transmembrane domain, and the intracellular domain (ICD) derived p971 through 984 (ELVSEFSRMARDPQ; denoted as 15 [eg, "X."15] or 9 [eg, "X."9] amino acids in length). 1, 6 Each antigen was assessed in six replicates of 2 ϫ 10 5 /well. One g/mL of overlapping peptide pools (15 amino acids overlapping by 11 amino acids) for the HER2/neu ICD or ECD, 1 g/mL of recombinant human p53, insulin-like growth factor binding protein 2 (IGFBP-2; Sigma-Aldrich, St Louis, MO), and topoisomerase II-␣ (Topogen, Columbus, OH) were also used. Tetanus toxoid (0.5 U/mL) and phytohemaglutinin (2.5 ug/mL) were positive controls. All samples for each patient were cryopreserved, then thawed and analyzed simultaneously to ensure comparability. 7, 8 Validation studies demonstrated that the assay is linear and precise between 2.0 and 3.5 ϫ 10 5 PBMCs/well, with a detection limit of 1:100,000. Data are calculated estimates, and some results are considered below the level of reproducible detection. Ten age-matched volunteer female donors were evaluated as controls. Data are presented on individuals as a calculated 1/frequency of IFN-␥-secreting cells in 10 6 PBMCs and discussed as the ratio of responding cells to PBMCs. In summary analyses, data are presented as IFN-␥ spots per well (SPW) corrected for background or described as the number of spots per 10 6 PBMCs postvaccination minus the number of spots prevaccination.
Patients were considered to have pre-existing immunity if, at baseline, the mean antigen-specific SPWs were statistically different (P Ͻ .05) from no antigen wells. Patients were considered to have increased response if the current SPW was greater than 2 standard deviations (SD) above the previous value, remained the same if the mean SPW was within 2 SD of the previous value, and decreased if the mean SPW was greater than 2 SD below the previous value. Two SD is equivalent to a P value of .05 in that there is a 95% probability that the values are statistically significant. 9 Cytolytic function of generated T-cell lines 5 was evaluated (Cytotox 96, Promega, Madison, WI). The HLA-A2 transfected human HER2/neuexpressing breast cancer cell line, SKBR3-A2, was plated at 10 4 cells/well in triplicate. T cells, expanded after stimulation with immunizing peptide, were added in an effector/target ratio of 40:1. Nontransfected SKBR3 cells were controls. After incubation, supernatants were analyzed per manufacturer's specifications. Percent specific lysis was calculated as: ([experimental release Ϫ spontaneous releases of cytotoxic T-lymphocyte cells and target cells]/[maximum release Ϫ spontaneous release of target cells]) ϫ 100.
Serum Transforming Growth Factor Beta Levels
Levels were measured, in triplicates, by enzyme-linked immunosorbent assay (eBioscience, San Diego, CA). The concentration of human transforming growth factor beta (TGF-ß) was calculated from a curve of serially diluted human recombinant TGF-ß. The change in TGF-ß levels is described as the value of TGF-ß postvaccination minus the value of TGF-ß prevaccination in picograms per milliliter.
T-Regulatory Cell Levels
Evaluation was performed as previously described. 10 Data are expressed as the percentage of FOXP3 ϩ
CD4
ϩ cells among all CD4 ϩ CD3 ϩ T cells.
Statistical Analysis
Differences in median immune responses were assessed using a twotailed Mann-Whitney test, with a level significance set at .05. The relationship between magnitude of immunity and serum TGF-ß levels was assessed using Pearson's product moment correlation. Pre-versus postimmunization data were compared using a paired t test (two-tailed). Kaplan-Meier curves were generated to show the probability of overall survival (OS) and progression-free survival (PFS), where OS was defined as the time elapsed between beginning vaccinations and death or last follow-up, and PFS was defined as the time elapsed between first vaccine and the earliest of death, disease progression as reported by the patients' primary physicians, or last contact. Data for patients without death (for OS) or death as a result of progression (for PFS) were censored at the date of last known status. Differences in survival curves based on immunologic response were assessed by the Gehan-Breslow-Wilcoxon test. Analyses were performed with GraphPad InStat v.5.01 (GraphPad Software, San Diego, CA). Table 2 details 573 adverse events. The majority of toxicities were grade 1 or 2 (99%). There were four grade 3 toxicities, three possibly related to the treatment: injection-site reaction, fainting, and ulceration. There was one nonrelated grade 4 event, a stroke. The median LVEF before treatment was 61% (range, 46% to 72%) and posttreatment was 61% (range, 45% to 66%). Three patients (15%) had a decrease in LVEF to less than normal values on study. None developed symptoms of left ventricular dysfunction. Cardiac toxicities were grade 1 and 2.
RESULTS
HER2/neu Th Peptide Vaccine Administered Concurrently With Trastuzumab Was Well Tolerated and Did Not Result in Additional Cardiac Toxicity
HER2/neu Th Peptide Vaccine Administered Concurrently With Trastuzumab Stimulates or Boosts HER2/neu-Specific Immunity in the Majority of Patients
The median peptide-specific T-cell response before the first vaccine was a frequency of less than 1 antigen-specific cell in 75,000 PBMCs (range, 1:400,000 to 1:77,000; Fig 1A) . Ninety percent of patients developed new or augmented immunity. The maximal response to p369.15 was a median frequency of one in 4,121 PBMCs (range, 1:323 to 1:2,000,000; P ϭ .0015 compared with prevaccination), the maximal response to p688.15 was one in 4,152 PBMCs (range, 1:307 to 1:3,000,000; P ϭ .0012), and the maximal response to p971.15 was one in 2,086 PBMCs (range, 1:266 to 1:86,960; P ϭ .0066; Fig 1A) . Ten (53%) of 19 patients had pre-existing immunity to any of these peptides. Sixteen patients (84%) significantly augmented immunity, three (16%) did not augment, and none had a decrease in peptide-specific immunity with immunization. The percentage of responding patients for the peptides is shown (Fig 1B) . Peptides were derived from both the HER2/neu ECD and ICD. Of note, seven (64%) of 11 patients had significant pre-existing immunity to the ECD (median, 1:17,729; range, 1:660 to 1:3,000,000), and six (32%) of 19 patients had significant pre-existing immunity to the ICD (median, 1:309,524; range, 1:226 to 1:3,000,000; Fig 1A) . Sixty-nine percent of patients developed new or augmented immunity: 37% to ECD, 53% to ICD, and 21% to both. The maximal response to the ECD was a median of one cell in 2,312 PBMCs (range, 1:678 to 1:1,000,000; P ϭ .3017 compared with baseline) and to the ICD was one cell in 9,677 PBMCs (range, 1:232 to 1:3,000,000; P ϭ .0894; Fig 1A) . Five patients did not augment, and none had a significant decrease in domain immunity with immunization. The percentage of responding patients is shown (Fig 1B) .
Vaccination Can Elicit Tumor-Specific Cytotoxic T Cells
Embedded within the native sequence of the Th peptides are HLA-A2 binding motifs: p369.9, p688.9, and p972.9. 1, 5 The maximal response to class I peptides was a median frequency to p369.9 of 1:10,200 (range, 1:1,032 to 1:3,000,000; P ϭ .0030 compared with baseline), to p689.9 was 1:10,050 (range, 1:1,039 to 1:3,000,000; P ϭ .1720), and to p971.9 was 1:5,659 (range, 1:845 to 1:3,000,000; P ϭ .0126; Fig 2A) . T-cell cultures were established for five patients who had excess PBMCs available. The resultant T-cell lines could specifically lyse HER2/neu-positive/HLA-A2-positive breast cancer cells (range, 7% to 70% lysis; Fig 2B) .
Seven (37%) of 19 patients had pre-existing immunity to these HLA-A2 peptides. Overall, 14 patients (74%) significantly augmented the class I HER2/neu peptide-specific immune response, four patients (21%) did not augment, and one patient had a decrease in immunity P r e 3 6 9 .9 M a x 3 6 9 .9 P r e 6 8 9 .9 M a x 6 8 9 .9 P r e 9 7 1 .9 M a x 9 7 1 . to the peptides with immunization. Percentage of responding patients for the HLA-A2 peptides is shown (Fig 2C) .
Vaccination-Induced or Enhanced Epitope Spreading Was Observed in the Majority of Patients and Was Associated With a Decrease in Serum TGF-ß
p98.15 and p776.15 are native epitopes of HER2/neu, immunogenic, and not included in the vaccine formulation.
11 Development of immunity to these epitopes demonstrates intramolecular epitope spreading, which was elicited or augmented in the majority of patients (Fig 3A) . 6 The median maximal T-cell response to nonimmunizing epitopes was a frequency to p98.15 of one in 7,558 PBMCs (range, 1:1,205 to 1:3,000,000; P ϭ .0055 compared with prevaccination) and to p776.15 of one in 2,183 PBMCs (range, 1:527 to 1:40,000; P ϭ .0006; Fig 2A) . Nine (47%) of 19 patients had pre-existing immunity to these peptides. Fourteen patients (74%) significantly augmented the immune response, five patients (26%) did not augment, and none significantly decreased immunity to these peptides with immunization.
We have identified several immunogenic breast cancer-associated proteins and questioned whether new or augmented immunity to IGFBP-2, p53, and topoisomerase II-␣ were stimulated with vaccination (ie, intermolecular epitope spreading).
10,12 Seven patients had sufficient PBMCs available for this analysis. All patients had a preexisting immune response to at least one antigen, and all seven developed new or augmented immunity to at least one of the antigens ( Fig  2B) . The postvaccination median response to IGFBP-2 was a frequency of one in 5,405 PBMCs (range, 1:1,993 to 1:150,000; P ϭ .0973 compared with prevaccination), postvaccination median response to p53 was one in 6,793 PBMCs (range, 1:1,061 to 1:109,091; P ϭ .1282), and postvaccination median response to topoisomerase II-␣ was one in 3,659 PBMCs (range, 1:1,575-1:8,219; P ϭ .0111; Fig 2B) . Five patients (71%) augmented immunity to IGFBP-2, six patients (86%) augmented immunity to p53, and all patients tested augmented immunity to topoisomerase II-␣. Two patients had a significant decrease in a pre-existing immune response to IGFBP-2 with immunization.
The multiple specificities of IFN-␥ secreting T cells induced by vaccination led us to question whether these T cells, which could potentially traffic to tumor, might impact the immunosuppressive environment that has been described in breast cancer.
13,14 TGF-ß has been shown to be elevated in the serum of patients with breast cancer and is associated with T-cell dysfunction. [15] [16] [17] The greater the magnitude of the intramolecular epitope spreading T-cell response, the greater the decrease in serum TGF-ß (r ϭ 0.614; P ϭ .0003; Fig 3C) . There was weak correlation between the magnitude of the tetanus toxoid response, evaluated as a control, and change in TGF-ß levels (r ϭ 0.016; P ϭ .93; Fig 3D) . 
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Treg levels were measured before and after immunization in eight patients. The median percent Treg was 1.64% before immunization (range, 0.33% to 7.33%) and 1.32% 1 month after vaccines (range, 0.41% to 5.08%; P ϭ .60). At 1 year after immunization, the median Treg level was 1.11% (range, 0.24% to 4.91%; P ϭ .61 compared with preimmunization). Figure 4 shows the OS and PFS of the study population from the time of first vaccination. The median follow-up among survivors was 36 months (range, 21 to 49 months). The median PFS was 17.7 months, and the Kaplan-Meier estimate of PFS was 33% at 3 years. The median OS has not been reached; the Kaplan-Meier estimate of OS is 86% at 4 years.
HER2/neu-Specific Immunity Can Persist and Even Increase After Active Immunizations Have Ended
Although the generation of a new or augmentation of a preexisting immune response to either immunizing peptides or protein (P ϭ .11) or to epitope spreading peptides (P ϭ .47) was not associated with survival, the magnitude of immunity generated tended to be higher in surviving patients. All 10 patients who had T-cell responses greater than the median to HER2/neu immunizing peptides and associated protein (P ϭ .08) or to peptides associated with intramolecular epitope spreading (P ϭ .09) were survivors as compared with patients with responses less than the median.
We monitored immunity to HER2/neu-related antigens after the end of immunizations in 11 patients (ECD, n ϭ 6). Five patients (46%) maintained the same level of immunity to p369.15 in long-term follow-up as compared with the maximal response achieved during active immunization. Two (18%) decreased immunity and four (36%) continued to augment immunity (median, 1:4,121; range, 1:788 to 1:3,000,000). Seven patients (64%) maintained the same level of immunity to p688.15. One patient (9%) decreased compared with the maximal response achieved, and three patients (27%) continued to augment immunity to p688.15 (median, 1:12,876; range, 1:307 to 1:3,000,000). Five patients (46%) maintained the same level of immunity to p971.15. Two patients (18%) decreased and four patients (36%) continued to augment immunity (median, 1:5,236; range, 1:266 to 1:222,222).
Persistent immunity to the HER2/neu ECD and ICD was assessed. Five (83%) of six patients maintained the same level of immunity to the ECD in follow-up. One patient (17%) had decreased and none continued to augment immunity to the ECD (median, 1:4,625; range, 1:803 to 1:11,321). Six (55%) of 11 patients maintained immunity to the ICD. Two (18%) decreased and three (27%) continued to augment immunity (median, 1:6,024; range, 1:232 to 1:3,000,000). Finally, intramolecular epitope spreading was maintained in five patients (46%) as evidenced by immunity to p776.15. Two patients (18%) significantly decreased and four (36%) continued to augment immunity (median, 1:2,667; range, 1:527 to 1:300,000).
DISCUSSION
Concurrent administration of trastuzumab and a HER2/neu-specific vaccine is tolerated in patients with metastatic breast cancer (MBC), and significant pre-existing immunity to HER2/neu can be boosted and maintained with immunization. Moreover, epitope spreading elicited with vaccination may modulate systemic mediators of tumorinduced immune suppression.
Trastuzumab-related cardiac damage is generally reversible once the drug is stopped. 18 After immunization, however, the T-cell response is not as easily "turned off." As long as antigen is present, T-cells will clonally expand, further augmenting immunity, as occurred in a third of our patients. A study of long-term trastuzumab use in MBC reported that approximately 25% of patients experience some cardiac event. 18 In our trial, 15% of patients had an asymptomatic drop in left ventricular function below the normal range, although given the limited sample size, we cannot rule out the possibility that the true rate is higher than the historical rate.
An unexpected finding was the number of patients treated with trastuzumab who had significant pre-existing immunity to HER2/neu and other antigens. Although we do not have an assessment of HER2/ neu immunity before starting trastuzumab, investigations by our group suggest only 10% of trastuzumab-naïve patients would have measurable cellular immunity. 19 Only one study has shown that endogenous HER2/neu-specific humoral and T-cell immunity could be elicited with trastuzumab treatment. 20 Despite the presence of immunity to HER-2/neu at the start of immunization, most responses could be boosted to greater levels with vaccination, and in patients with no pre-existing immunity, robust T-cell responses could be generated.
Priming with trastuzumab and boosting with an HER2/neu vaccine may generate levels of immunity more robust than vaccination alone. Indeed, the magnitude of the response achieved after immunization in this trial seemed to be greater than what we have historically observed. The patients in this study were comparable to the patients in our initial study both demographically and clinically. 1 There were no statistically significant differences in the two populations in age, disease status at time of vaccination, hormone receptor status, or number of chemotherapy regimens before vaccination. Our initial study did not include trastuzumab, as the drug was not in widespread use at the time, and the median peptide-specific T-cell response after vaccination was one in 16,129 PBMCs. 1 In this current study, the median T-cell response to all HER2/neu antigens was 1:1,838 PBMCs, a logfold increase. Moreover, in our initial study, none of the patients continued to augment immunity after vaccinations had ended. 1 Here, nearly one third of patients augmented immunity, only a minority demonstrated a diminution in response, and the remainder maintained the same level of HER2/neu immunity long term as during active immunization.
Vaccination induced epitope spreading. Epitope spreading is associated with autoimmune disease and enhances tissue destruction. 21, 22 Some studies suggest that antibody-dependent cell-mediated cytotoxicity, by which APC presentation of new antigens is increased, is responsible for epitope spreading. 23, 24 Others suggest that antigenhoming Th1-cells deliver cytokines, such as interferon, to the tumor, which activate local APC-enhancing cross-priming.
2, 22 The presence of immunity to HER2/neu and other antigens before vaccination suggests that antibody-dependent cell-mediated cytotoxicity mediated by trastuzumab may have initiated cross-priming at the tumor site. The observation that increasing numbers of Th1 antigen-specific T cells, associated with epitope spreading and elicited via vaccination, decrease serum TGF-ß indicate that trafficking T cells may also be effectively modulating the tumor microenvironment. Theoretically, a decrease in serum TGF-ß could facilitate the continued augmentation and persistence of tumorspecific immunity.
Is HER2/neu-specific immunity induced by vaccination related to clinical outcome? Although the study was not designed to address a clinical end point, OS was assessed to gather additional data on the potential therapeutic efficacy of the combination. 25 The current observed results are encouraging in light of the historical results for patients with pretreated HER2/neu-positive MBC. Recent phase II studies using trastuzumab and various chemotherapy agents in the salvage setting have demonstrated that 40% to 60% of patients are able to achieve either complete or partial responses with second-or thirdline trastuzumab-containing regimens. The median PFS and OS ranged from 7 to 12 and 18 to 23 months, respectively. [26] [27] [28] Combination therapy with trastuzumab and an HER2/neu-specific vaccine warrants further evaluation as a therapeutic regimen. 
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